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Abstract 30 

Mating behaviour is a fundamental aspect of the evolutionary ecology of 31 

sexually reproducing species, but one that has been under-researched in 32 

parasitic nematodes. We investigated mating behaviour in the parasitic 33 

nematode Trichostrongylus tenuis by performing a paternity analysis in a 34 

population from a single red grouse host. Paternity of the 150 larval 35 

offspring of 25 mothers (sampled from one of the two host caeca) was 36 

assigned among 294 candidate fathers (sampled from both caeca). Each 37 

candidate father’s probability of paternity of each offspring was estimated 38 

from 10-locus microsatellite genotypes. Seventy-six (51%) offspring were 39 

assigned a father with probability greater than 0.8, and the estimated number 40 

of unsampled males was 136 (95% CI: 77, 219). The probability of a male 41 

from the one caecum fathering an offspring in the other caecum was 42 

estimated as 0.024 (95% CI: 0.003, 0.077), indicating that the junction of 43 

the caeca is a strong barrier to dispersal. Levels of promiscuity (defined as 44 

the probability of two of an adult’s offspring sharing only one parent) were 45 

high for both sexes. Variance in male reproductive success was moderately 46 

high, possibly due to a combination of random mating and high variance in 47 

post-copulatory reproductive success. These results provide the first data on 48 

individual mating behaviour among parasitic nematodes. 49 

 50 
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Introduction 51 

Animal parasitic nematodes are among the most widespread and diverse 52 

animal groups (Blaxter, 2001). Their hidden lifestyle, however, presents 53 

difficulties in observing their behaviour in the wild, and many areas of their 54 

ecology remain unexplored (Criscione et al, 2005). One area where progress 55 

has been made is in the application of molecular ecology methods to the 56 

inference of large-scale host-mediated ecological processes such as 57 

colonisation and dispersal (Criscione et al, 2005; Grillo et al, 2007; Nejsum 58 

et al, 2005; Nieberding et al, 2005; Troell et al, 2006; Webster et al, 2007; 59 

Wielgoss et al, 2008). However, no studies have yet used molecular tools to 60 

analyse patterns of parasite mating behaviour at the individual level. Mating 61 

behaviour has important consequences for understanding how this group of 62 

animals has evolved as well as for predicting how parasite populations will 63 

respond to changes in their environment. For example, deviation from 64 

random mating in the form of reproductive skew reduces the effective 65 

population size and increases the opportunity for sexual selection (Crow, 66 

1958). 67 

In the absence of specific data, parasitic nematodes have generally 68 

been assumed to mate randomly and promiscuously (e.g. Barnes et al, 1995; 69 

Churcher and Basáñez, 2008; Dobson et al, 1987; Saul, 1995; Smith et al, 70 

1999 but for exceptions see Braselton et al, 2004; Churcher et al, 2008). In 71 

nonparasitic taxa, predictions about mating systems and the distribution of 72 
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reproductive success have been successfully tested via parentage analysis 73 

using molecular markers. Indeed, molecular markers have transformed the 74 

study of animal mating systems, often overturning conclusions based on 75 

observational evidence (e.g. Griffith et al, 2002; Jones and Avise, 2001), 76 

and would appear to be ideal tools for studying the concealed mating 77 

behaviour of animals such as parasitic nematodes. Paternity analysis (the 78 

most common type of parentage analysis) is conventionally performed by 79 

analysing the genotypes of a sample of mothers, their known offspring, and, 80 

ideally, all plausible candidate fathers. When applied to a parasitic 81 

nematode, paternity analysis presents particular technical and statistical 82 

challenges, including raising offspring in vitro, obtaining DNA of sufficient 83 

quantity and quality from microscopic larvae, and accurately assigning 84 

paternities among potentially hundreds or thousands of candidate fathers, 85 

some of whom might already have been shed from the host. These 86 

difficulties may explain the current lack of parentage analyses in parasitic 87 

nematodes. 88 

We conducted a paternity analysis in a single host-population (or 89 

infrapopulation) of Trichostrongylus tenuis, a parasitic nematode of 90 

galliform and anseriform birds. Our aim was to provide the first data on 91 

patterns of parentage in a sexually reproducing animal parasitic nematode, 92 

and to shed light on the assumption that mating in these parasites is random. 93 
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T. tenuis has a direct life cycle and obligate sexual reproduction. 94 

Adult T. tenuis reside and mate in the host’s two caeca; these are blind guts 95 

of about 75 cm in length that extend from the junction of the small and large 96 

intestines (Hudson, 1992). Candidate fathers for a T. tenuis offspring fall 97 

into three categories. The first and most obvious category is males present at 98 

the time of sampling in the caecum where the mothers were sampled. 99 

Second, males from the neighbouring caecum must be considered, although 100 

we know nothing about movement of adults between caeca. The third 101 

category is unsampled males, including candidate fathers shed prior to 102 

sampling and those present in the caeca that had escaped detection. 103 

Information about the number of unsampled males is essential for paternity 104 

assignment, which in T. tenuis will depend on both the longevity of males 105 

and the duration of sperm storage. T. tenuis infecting naive captive hosts can 106 

live for more than two years (Shaw and Moss, 1989), and most sexually 107 

reproducing nematodes are thought to store sperm (Bird and Bird, 1991), 108 

but we know nothing about these parameters in wild populations. Given 109 

perfect genotypic data, the number of unsampled males could be estimated 110 

relatively easily by partially inferring the genotypes of missing fathers from 111 

the genotypes of mothers and offspring. In practice, the presence of data 112 

errors makes this challenging (Emery et al, 2001).  113 

In this study we jointly estimated paternity, the number of 114 

unsampled males and the probability of mating across caeca using a 115 
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Bayesian method tolerant of genotyping error (Hadfield et al, 2006). Our 116 

aim was to investigate four questions relevant to mating and reproduction in 117 

T. tenuis: (1) How are paternities distributed among sampled and unsampled 118 

males? (2) Among sampled males, what proportion of fathers was sampled 119 

in the same caecum as the mother? (3) How promiscuous are males and 120 

females? (4) Is reproductive success randomly distributed among males?  121 

 122 

Materials and methods 123 

Sampling of study population 124 

A single male red grouse was harvested at a grouse-shooting estate in 125 

Lauderdale, Scotland at 1200 hours on 29th October 2004 (because the 126 

timing of events such as the death of the host and the isolation of the 127 

females influences the interpretation of the results, we give the local time 128 

[British Summer Time] at each stage). The two caeca were removed (1230 129 

hours) and stored in M9 buffer (Hope, 1999) at approximately 30 °C during 130 

transport to the laboratory. On arrival (1500 hours), the diluted contents and 131 

the mucosal and submucosal surface of one caecum (designated the local 132 

caecum, as distinct from the neighbouring caecum) were examined for T. 133 

tenuis adults under a dissecting microscope. The neighbouring caecum was 134 

stored at –20 °C. All 108 female and 122 male adult T. tenuis found in the 135 

local caecum were removed. Male T. tenuis are easily distinguished from 136 

females by their shorter length and the presence of bursate claspers. Fifty-137 
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one live females were isolated in 250 μl M9 buffer in separate wells of a 138 

covered transparent polystyrene 96-well flat-bottom microtitre plate 139 

(Greiner, UK) at 25 °C (1730 hours). After 2.5 hours all 51 females were 140 

transferred to a fresh microtitre plate containing M9 (2000 hours), allowing 141 

eggs and larvae to be categorised as laid early (1730–2000 hours) or late 142 

(after 2000 hours). Both plates were incubated at 25 °C for 48 hours (by 143 

which time egg laying had ceased) and stored overnight at 4 °C. The 144 

number of eggs laid was 987, of which 154 (16%) hatched and moulted to 145 

infective stage 3 larvae (iL3) stage (Table 1). Approximately equal numbers 146 

of eggs were laid in each time period, but early eggs were 4 times more 147 

likely to develop to iL3 than late eggs. A number of factors could explain 148 

the low hatch rate, including shedding of unfertilized eggs and mortality of 149 

fertilized eggs in vitro. Likewise the decline in hatch rate over time could be 150 

related either to worsening condition (of the mother or of stored sperm) or to 151 

a dwindling supply of stored sperm. There was substantial variation in 152 

fecundity among females, whether measured in terms of numbers of eggs 153 

(mean 19.3, SD 13.1, range 0–45) or larvae (mean 3.0, SD 4.1, range 0–16). 154 

The 29 mothers that had produced at least one larva and all of their 154 155 

larval offspring were then removed from the microtitre plate for immediate 156 

DNA extraction. 157 

The neighbouring caecum was searched for adult T. tenuis, as 158 

described for the local caecum, leading to the recovery of 183 male and 200 159 
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female T. tenuis. In total, 305 males were preserved for genotyping in 95% 160 

ethanol at 4 °C, 122 and 183 from the local and neighbouring caeca, 161 

respectively. 162 

 163 

Microsatellite genotyping 164 

All females, males and offspring were genotyped at 10 microsatellite loci, 165 

including replicate genotyping of DNA-poor samples likely to incur 166 

genotyping errors, as follows. Template DNA for PCR was prepared from 167 

the mothers, offspring and candidate fathers using the worm lysis method 168 

(Grillo et al, 2006; Williams et al, 1992). Males and larvae were lysed 169 

whole, while only the heads (the anterior 10–20%) of females were used, in 170 

order to minimize the risk of contamination from sperm or fertilized eggs 171 

(Anderson et al, 2003). Live larvae were ex-sheathed under a dissecting 172 

microscope in 0.2% sodium hypochlorite solution. Females, males and 173 

larvae were rinsed in ddH2O then placed into either 10 μl (larvae and 174 

females) or 20 μl (males) of lysis buffer (50 mM KCl, 10 mM Tris pH 8.0, 175 

2.5 mM MgCl2, 0.45% Nonidet P-40, 0.45% Tween-20, 0.01% gelatine and 176 

120 μg/ml proteinase K) in 96-well PCR plates. The plates were frozen at –177 

80 °C for 10 minutes to lyse the tissues, incubated overnight at 65 °C then 178 

heated to 95 °C for 15 minutes. The resulting 488 lysates were diluted with 179 

ddH2O by a factor of five (females and larvae) or 10 (males) and stored at –180 

20 °C. 181 
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The T. tenuis females, larvae and males were genotyped using 10 182 

autosomal microsatellite markers (Table 2) as described by Johnson et al. 183 

(2006) with the exceptions that primers were redesigned for two loci. For 184 

Tte303 the reverse primer was 5'-ACGTTCCCTGGCCTAAATAC and for 185 

Tte365 the primers were 5'-GGTGTCTTTTGCGTGTTAGTG (forward) 186 

and 5'-GATCGTCAGCAGCCTCG (reverse). Microsatellite genotyping 187 

was attempted for all 488 lysates. Rates of PCR failure and genotyping error 188 

were high in the genotypes from females and larvae but low in males, 189 

possibly due to the differences in relative tissue quantities available (males 190 

are around 5 mm long, compared with 1 mm for females’ heads and 0.5 mm 191 

for larvae). An alternative method of nematode lysis (Floyd et al, 2002) was 192 

optimized but did not reduce error rates. Therefore, to reduce the number of 193 

missing genotypes and allow accurate estimation of error rates, all females 194 

and larvae were genotyped three times, and 68 (23%) males were genotyped 195 

twice. Allele lengths were measured using an ABI3730 DNA Analyzer 196 

(Applied Biosystems) by The Sequencing Service (University of Dundee, 197 

UK) and analyzed using GeneMapper 4.0 (Applied Biosystems).  198 

 199 

Paternity analysis 200 

The approach to paternity assignment followed here is fractional allocation 201 

of paternity (Jones and Ardren, 2003). For each offspring a probability of 202 

paternity is estimated for every candidate male, which, together with the 203 



 11

probability that the father was not sampled, must sum to one. This approach 204 

is contrasted with categorical allocation, most widely implemented in the 205 

software CERVUS (Marshall et al, 1998), where the paternity is assigned to 206 

the single most likely candidate that passes a likelihood threshold. 207 

Categorical allocation is useful when a single “accepted” pedigree is 208 

required, but because it ignores the uncertainty in estimating the pedigree, it 209 

results in optimistic assessment of precision and biased parameter estimates 210 

(Hadfield et al, 2006; Jones and Ardren, 2003). By contrast, fractional 211 

methods aim to avoid this systematic bias and optimism by effectively 212 

averaging over all possible pedigrees in proportion to their probability. The 213 

method used here further reduces bias by simultaneously estimating 214 

individual paternity probabilities with the overall effect of caecum of origin 215 

on probability of paternity (Hadfield et al, 2006). 216 

For each offspring we estimated the probability of paternity by each 217 

of 294 candidate fathers (the 305 sampled males minus 11 from the 218 

neighbouring caecum that provided no genotypic data) as well as the 219 

probability that the true father was not sampled. For the purpose of 220 

illustration, the informativeness of these 295 probabilities can be intuitively 221 

summarised by the maximum posterior probability. A high maximum 222 

probability of paternity (e.g. > 0.9) implies that a single male (or the 223 

unsampled males) has been “assigned” paternity of the offspring with high 224 
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confidence. A low maximum probability of paternity (e.g. < 0.5) implies 225 

that no single male is a strong candidate.  226 

Paternity probabilities, the number of unsampled males (Koch et al, 227 

2008), and the probability of paternity from the neighbouring caecum were 228 

estimated from the microsatellite genotypes (including all replicate 229 

genotypes) by a Bayesian Markov Chain Monte Carlo (MCMC) approach 230 

implemented in MASTERBAYES (available at http://www.R-project.org) 231 

according to Hadfield et al. (2006).  232 

MASTERBAYES estimates the total number of unsampled males, not 233 

unsampled fathers. The data only contains information about unsampled 234 

fathers, but we can extrapolate to the number of unsampled males by 235 

assuming that the proportion of unsampled males with no offspring is the 236 

same as the proportion observed among the sampled males. The probability 237 

of paternity from the neighbouring caecum is the probability that a male 238 

from the neighbouring caecum will gain paternity ahead of an otherwise 239 

identical male from the local caecum, and effectively quantifies the degree 240 

to which free interbreeding is restricted by the subdivision of the population 241 

into two caeca. A probability of 0.5 would suggest that there is no barrier to 242 

mating between the caeca, while a probability close to zero would indicate 243 

that mating between T. tenuis from opposite caeca is very unlikely. For a 244 

precise definition of these two parameters and how they are estimated, see 245 

Hadfield et al. (2006). 246 
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A particularly difficult problem for paternity assignment can occur 247 

when the true father has not been sampled and has close relatives among the 248 

sampled males. MASTERBAYES could potentially be led astray by this 249 

problem, although it is robust to the presence of related males among the 250 

sampled males. To assess the frequency of close relationships (e.g. parent-251 

offspring pairs, full-sibs and half-sibs) among the sampled males, we 252 

estimated pairwise relatedness (r) among according to Lynch & Ritland 253 

(1999) using the software GENALEX (Peakall and Smouse, 2006). 254 

Hadfield et al. (2006) account for stochastic genotyping errors by 255 

modelling two separate classes of error: allelic dropouts (where one allele 256 

fails to amplify, causing a heterozygote to be recorded as a homozygote) 257 

and false alleles (any other stochastic genotyping error) (Wang, 2004). 258 

Allelic dropout and false allele genotyping error rates were estimated 259 

according to Hadfield et al. (2006) with the exception that, rather than 260 

assuming that genotyping errors are independently distributed across all loci 261 

and individuals, we estimated two separate pairs of error rates, one for males 262 

and the other for females and larvae. Two categories of error rate were 263 

required because of the wide disparity in error rates observed between these 264 

two groups. The prior distributions of the four error rates were uniform in 265 

the range 0–1.  266 

For the paternity analysis the Markov chain was run for 250 million 267 

iterations with a thinning rate of 225,000 and burn-in of 2.5 million. The 268 
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prior distribution of the probability of paternity across sampled and 269 

unsampled males was left unspecified. Estimation of the probability of 270 

paternity from the neighbouring caecum was based on a model with a 271 

normally distributed prior on the logit scale with a mean of zero and 272 

variance of 3.06. This is the closest logit parameterisation to a uniform prior 273 

on the probability scale, although it differs from the uniform distribution in 274 

having very low density for extreme probabilities. In consequence, 275 

probabilities outside the range 0.01–0.99 are heavily penalised and 276 

probabilities of zero or one are impossible. 277 

The distributions of further parameters of interest (see below) were 278 

estimated directly from 1000 MCMC samples from the posterior 279 

distribution of the pedigree, and summarised by the median and the range 280 

between quantiles 2.5% and 97.5% (referred to as a 95% credible interval or 281 

95% CI). 282 

 283 

Reproductive promiscuity 284 

Promiscuous mating systems are those in which pair bonds are not formed. 285 

Promiscuous mating can be easily diagnosed from a pedigree. However, it 286 

would be more useful to be able to quantify the degree of promiscuity. 287 

(Because we are unable to observe mating directly, but only the pedigree, 288 

we are referring here to “reproductive” promiscuity, or the tendency to 289 

produce offspring by different mates.) An intuitive measure of reproductive 290 
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promiscuity would be the number of mates that contributed to a mother’s 291 

brood (for simplicity we describe only female promiscuity, although the 292 

same arguments apply to males). This measure is unsatisfactory because it is 293 

related to brood size: a mother might appear more promiscuous simply 294 

because we sampled a larger number of her offspring. We propose a 295 

measure of reproductive promiscuity that can be estimated from pedigree 296 

data and that is not biased by brood size: the probability, p, that two siblings 297 

chosen at random from a mother’s offspring have different parents, or are 298 

half-sibs. We can treat the observed set of genotyped offspring as a random 299 

sample from a larger population consisting of all offspring that could have 300 

been produced by the mother during the sampling period. A sample of size n 301 

from this population of offspring consists of k full sibships (by k fathers), 302 

each sibship having frequency (proportion) xi, i = 1, 2, ..., k. This is 303 

analogous to a classic scenario in population genetics, where a sample of n 304 

chromosomes consisting of k different alleles at frequencies xi is drawn from 305 

a larger gene pool. The probability, p, that any two sibs have different 306 

fathers is analogous to the expected heterozygosity of a gene locus, which is 307 

the probability that two randomly sampled alleles are different. p is 308 

estimated by 309 

( )∑−
−

= 21
1

ˆ ix
n

np  310 

(Nei and Roychoudhury, 1974). p̂  is unbiased at any n, which is important 311 

as broods could be as small as n = 2. Unless broods are large, individual 312 
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estimates will be very variable, but averaging over a large pedigree will give 313 

a reliable pedigree-wide estimate of reproductive promiscuity.   314 

 315 

Distribution of male reproductive success 316 

The observed distribution of paternities among males was compared to the 317 

distribution expected under a null hypothesis of random allocation. Treating 318 

paternities as random events, the number of paternities allocated to a male 319 

under the null hypothesis is a Poisson random variable with parameter λ, 320 

where λ is the average number of paternities per male. Deviation from 321 

random mating was estimated by the standardized variance in reproductive 322 

success, I, which is the variance in reproductive success divided by the 323 

mean (Boness et al, 1993), and is equivalent to the index of dispersion 324 

(Krebs, 1989). A wide variety of statistics are available to quantify variance 325 

in reproductive success (Kokko et al, 1999). For the purpose of quantifying 326 

deviation from randomly allocated reproductive success, I is a natural 327 

choice because of its relationship to the Poisson distribution. Estimates of I 328 

in males can be related to a continuum from strict monogamy (I = 0) to 329 

random allocation (I = 1, i.e. the mean equals the variance, as expected 330 

under the null hypothesis of Poisson-distributed reproductive success) to 331 

high variance in reproductive success (I >> 1). Because I is sensitive to 332 

mean reproductive success, to allow comparison with other studies we also 333 

estimated the standardized variance in reproductive success as the variance 334 
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divided by the square of the mean, Is, which is also known as an index of the 335 

opportunity for sexual selection (Crow, 1958; Wade and Arnold, 1980). 336 

 Since variation in male fecundity (the number of offspring resulting 337 

from a single copulation) will produce a non-random distribution of 338 

paternities even when copulation is random, we also tested the allocation of 339 

copulations for deviation from randomness as described above for 340 

paternities. In order to infer the number of copulations it was necessary to 341 

make the assumption that all multiple paternities by a given male with a 342 

given female arose from a single copulation. This assumption seems 343 

reasonable for two reasons. First, all nematodes are thought to have the 344 

capacity to store sperm (Bird and Bird, 1991), even if the longevity of stored 345 

sperm is unknown in T. tenuis, which increases the potential for multiple 346 

fertilisations from a single copulation. Second, at 613 adults the population 347 

within the sampled host was large enough that females were likely to 348 

encounter many potential mates. 349 

 We did not assess variation in female reproductive success as this is 350 

likely to reflect variation in egg and larva viability in vitro. 351 

 Except where otherwise stated, data analyses were performed in R 352 

(R Development Core Team, 2008). 353 

 354 
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Results 355 

Genotyping 356 

Of the 488 adults and larvae genotyped, 469 (96%) yielded genotypic data 357 

from at least one locus (Table 3). No genotypes were recovered from four 358 

larvae and 11 of the males sampled from the neighbouring caecum. Each of 359 

the four larvae was the sole offspring of its mother, so in effect four mothers 360 

were also lost from the paternity analysis, although their genotypes 361 

nevertheless contributed to the estimation of the population allele 362 

frequencies and genotyping error rates. Thus, the main task of the analysis 363 

was to allocate paternity of 150 offspring of 25 mothers among 294 364 

candidate fathers and an unknown number of unsampled males. 365 

Data quality varied widely between males on the one hand and 366 

mothers and larvae on the other (Table 3). Among males, 97% of loci on 367 

average yielded genotypic data, rising to 98% when including repeat 368 

genotypes. Both allelic dropout and false allele error rates were low (<2%) 369 

in males. Averaged across loci, 84% of mothers and larvae yielded 370 

genotypic data from at least one of the three repeat genotypes. Mothers and 371 

larvae incurred high allelic dropout (18%) but relatively low false allele 372 

(1.9%) error rates.  373 

 374 
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Pairwise relatedness 375 

Median pairwise relatedness (r) among the 294 candidate fathers was 0.00. 376 

The 2.5% and 97.5% quantiles were –0.19 and 0.19 and the maximum and 377 

minimum values were –0.45 and 0.43. The distribution of relatedness was 378 

smooth, symmetrical and typical of normally distributed noise, with a single 379 

mode at zero and no modes characteristic of first- (r = 0.5) or second-degree 380 

relatives (r = 0.25). We conclude that problems caused by the presence of 381 

closely related candidate fathers are unlikely to have affected this analysis. 382 

 383 

Patterns of paternity 384 

The posterior probability of paternity from the neighbouring caecum was 385 

0.024 (95% CI: 0.003, 0.077). Even this low probability may be an 386 

overestimate given the strong prior odds against probabilities very close to 387 

zero or one. The 95% credible interval for the number of unsampled males 388 

ranged from 77 to 219, with a median of 136 (Figure 1). Combining this 389 

estimate with the 294 sampled males reveals that 21–43% (median 32%) of 390 

adult males went missing between mating and sampling. Even if we assume 391 

that 10% of males were lost during sampling, the bounds of the credible 392 

interval fall only slightly to 13–37% (median 25%). 393 

 Two patterns emerge from the inferred distribution of paternity 394 

confidence (Figure 2). First, it shows a strong bias toward high probabilities, 395 

indicating that paternity has been determined with high probability for a 396 
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large proportion of offspring. One hundred and twelve (75%) of the 150 397 

larvae were assigned a “probable” father, i.e. maximum probability of 398 

paternity was greater than 0.5, while 76 (51%) were assigned a father with 399 

probability greater than 0.8. Second, no male from the neighbouring caecum 400 

was a probable father of any of the larvae, reflecting the lack of support in 401 

the data for cross-caeca paternity. 402 

Although fractional assignment of paternity yields no single 403 

“accepted” pedigree, for illustration a pedigree constructed using the 404 

paternity assignments with the highest probabilities is presented in Figure 3. 405 

This pedigree displays two main features: (1) a high degree of promiscuity 406 

among both sexes; and (2) moderately high variance in reproductive 407 

success, indicated by the observation that while many males have 408 

contributed offspring to the next generation, only a few (e.g. M13) have 409 

fathered considerably more than the average. 410 

 411 

Promiscuity 412 

Mean reproductive promiscuity was 0.75 (95% CI: 0.69, 0.80) for females 413 

and 0.64 (95% CI: 0.52, 0.75) for males, and was 17% (95% CI: 1%, 42%) 414 

higher in females compared with males. 415 

 416 
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Distribution of male reproductive success 417 

We investigated the distribution of reproductive success among the 122 418 

sampled males from the local caecum, measured in terms of both paternities 419 

and copulations. Only males from the local caecum were considered 420 

because the opportunity to father offspring appears to be largely restricted to 421 

males sharing a caecum with the mothers (see above), and therefore to 422 

include males from the neighbouring caecum would conflate the effects of 423 

inter- and intra-caecal barriers to random mating. The distribution of the 424 

paternities among the 122 sampled males is shown in Figure 4A. The 425 

distribution is overdispersed and clearly deviates from the null distribution 426 

under random allocation, there being more males than expected with no 427 

paternities, fewer with 1–2 paternities and more males with at least four 428 

paternities than expected. This pattern of high variance in reproductive 429 

success is confirmed by an I estimate of greater than 1 (2.9; 95% CI: 2.4, 430 

3.6).  431 

If the deviation from random allocation of paternities was caused by 432 

fecundity differences, the estimate of I will be artificially inflated by 433 

variation in female fecundity and by differential mortality due to in vitro 434 

conditions. To investigate the impact of these potentially confounding 435 

factors, we recalculated I after setting variance in female reproductive 436 

success to zero. This was achieved by including in the pedigree only 437 

females with the mean number of offspring. Females with fewer offspring 438 
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were excluded and a random sample of offspring was used from females 439 

with more offspring (mean n offspring per female = 4.4; mean n females 440 

included = 11). Error due to sampling offspring was removed by averaging 441 

over 100 random samples in each of the 1000 pedigrees in the MCMC 442 

output. Because the mean number of offspring was generally not an integer, 443 

the I estimate was a weighted average of estimates obtained by rounding up 444 

and down (e.g. if the average number of offspring was 4.4, the I estimate 445 

would be 0.6I (4) + 0.4I (5) where the superscript denotes the number of 446 

offspring per female used to estimate I). The resulting estimate of 1.6 (95% 447 

CI: 1.4, 1.8) is considerably lower than the unadjusted estimate, and 448 

indicates that variation in female reproductive success inflated the I estimate 449 

by about 80%. Nevertheless, this caveat applies only to the size of the 450 

estimate and not to the conclusion that allocation is non-random, because if 451 

paternities are allocated randomly there will be no female-level correlation 452 

between paternity assignments, so that the expected value of I will be one 453 

regardless of variation in female reproductive success. 454 

By contrast, when reproductive success was defined as the minimum 455 

possible number of copulations that could have given rise to the observed 456 

distribution of paternities (i.e. assuming that all full-sib larvae arose from a 457 

single copulation), it did not deviate significantly from random allocation 458 

(Figure 4B). The I estimate for the number of copulations of 1.1 (95% CI: 459 

0.9, 1.3) is close to one, showing no substantial deviation from random 460 
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mating. Thus, the distribution of paternities is consistent with random 461 

mating combined with post-copulatory differences in reproductive success. 462 

 463 

Discussion  464 

We have conducted the first paternity analysis in a parasitic nematode 465 

population, the four main outcomes of which are: (1) a large fraction of 466 

candidate fathers were not sampled, probably having been ejected by the 467 

host; (2) mating was predominantly (and possibly exclusively) within, not 468 

between, caeca; (3) both sexes mated promiscuously; and (4) variance in 469 

male reproductive success was higher than expected under random 470 

allocation, possibly as a result of some males receiving more mating 471 

opportunities, but more likely because of differences in male fecundity 472 

following random mating. An additional outcome of this study is the 473 

demonstration that paternity analysis in parasitic nematodes is feasible, in 474 

spite of the technical and statistic challenges imposed by their endoparasitic 475 

lifestyle, microscopic larvae, large population of candidate fathers and 476 

unknown number of unsampled males. 477 

Perhaps the most surprising finding was the large proportion (21–478 

43%) of males that were not sampled. Could we have overestimated the 479 

proportion of unsampled males? A potential source of overestimation is 480 

violation of the assumption that all samples are equally prone to genotyping 481 

error. Although error parameters were specific to mothers and larvae on the 482 
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one hand and fathers on the other, sample quality and therefore error rates 483 

will have varied within these groups. However, analysis of simulated data 484 

where the samples were mixtures of two unobserved and highly disparate 485 

error rates suggested that even extreme error rate variation results only in a 486 

moderate (14%) upward bias in the estimated number of unsampled males 487 

(JDH, unpublished data). Another possible source of overestimation is the 488 

assumption that sampled and unsampled males contribute equally to 489 

paternity. If unsampled males have a higher probability of gaining paternity, 490 

then those offspring assigned to unsampled males will be distributed across 491 

fewer males then expected. This will result in overestimation of the 492 

unsampled population size even though the number of offspring assigned to 493 

unsampled versus sampled males should be accurate. A tendency for 494 

reproductive success to increase with age (for example, due to a period of 495 

sexual immaturity in newly moulted adult males) would therefore bias the 496 

estimate upwards, assuming that older males are more likely to have been 497 

lost from the caeca. Although there are no data on how male fecundity 498 

changes over time in T. tenuis, senescence and declining mating frequency 499 

with age is suspected in males of Onchocerca volvulus (Karam et al, 1987). 500 

Older populations of T. tenuis produce fewer eggs (Shaw and Moss, 1989), 501 

but this is likely to be caused by declining female fecundity. Bias aside, the 502 

unsampled male population will also tend to be high if male longevity is low 503 

and the duration of sperm storage is high. Experimental infections of T. 504 
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tenuis in captive red grouse can survive for more than two years without 505 

substantial mortality (Shaw and Moss, 1989), although their longevity in 506 

wild populations is unknown. The duration of sperm storage is also 507 

unknown in any parasitic nematode. Thus, at present there is insufficient 508 

information to explain the surprisingly large number of unsampled males in 509 

this study. 510 

Among the sampled males, it was less surprising to discover that a 511 

male sharing a caecum with a female is much likelier to gain paternity over 512 

her offspring than a male from the other caecum. This result suggests that 513 

the passage of adults or sperm between caeca occurs very rarely if at all. 514 

The capacity for oriented movement is thought to be widespread among 515 

nematodes (Burr and Robinson, 2004), so it is plausible that, given 516 

sufficient motivation, T. tenuis adults would be capable of moving between 517 

caeca. Such motivation may therefore have been absent in the population of 518 

613 adult T. tenuis from which our sample was taken, although populations 519 

at extremes of population density—burdens of T. tenuis can range from 520 

fewer than ten to tens of thousands of adults—may experience greater 521 

pressures to emigrate in search of mates or food. 522 

In addition to the population-level processes discussed above we 523 

made inferences from the estimated pedigree about the mating behaviour of 524 

individual nematodes. Obligately sexual parasitic nematodes have long been 525 

thought to mate randomly and promiscuously, and this assumption of 526 
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randomness is generally extended to cover allocation of reproductive 527 

success (Barnes et al, 1995; Churcher and Basáñez, 2008; Dobson et al, 528 

1987; Saul, 1995; Smith et al, 1999). Deviation from random mating will 529 

usually reduce the effective population size, which will in turn reduce the 530 

amount of genetic variation that a population can maintain, accelerate 531 

genetic drift and reduce the effectiveness of selection on traits such as drug 532 

resistance. Our results from T. tenuis are consistent with random mating and 533 

promiscuity, but not with random allocation of reproductive success. 534 

However, the deviation from random allocation observed here should be 535 

interpreted with caution because it is effectively instantaneous. Ideally, 536 

measures of reproductive success are taken over an organism’s lifetime, 537 

whereas this study was restricted to observing a few hours of reproductive 538 

output from the time of host sampling until the females ceased laying viable 539 

eggs in vitro. It is possible that the degree of variance in male reproductive 540 

success observed here might average out over the lifespan of a T. tenuis to 541 

produce a distribution of male reproductive success more indicative of 542 

random allocation of paternities, although such data would be practically 543 

impossible to acquire in an endoparasite. In species where lifelong 544 

observations are feasible, short term estimates of standardized variance in 545 

male reproductive success (Is) have been found to be unreliable indicators of 546 

long term Is, either by underestimating (Partridge, 1988) or overestimating it 547 

(Fincke, 1988).  548 
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It should also be remembered that only a single host was sampled, 549 

and that the parameters estimated here might vary between hosts, possibly 550 

in association with host-level factors, in particular parasite population size. 551 

It should be further borne in mind that the posterior distribution of parentage 552 

is likely to be biased towards random (Poisson) mating because the 553 

Bayesian analysis assumes that parentage follows a Poisson process, 554 

conditioning on the fixed effects (in this case the caecum). One option for 555 

dealing with this bias would be to take a random effects approach to model 556 

overdispersion in male fecundity, or even to model mate fidelity through 557 

overdispersion at the level of parental combination, although this would add 558 

further complexity to an already computationally complex analysis. 559 

Fully random and promiscuous mating, where mate choice and pair 560 

bonding are absent, is expected to be rare because both sexes should benefit 561 

from the ability to choose mates that bring direct (e.g. high fecundity) and 562 

indirect benefits (“good genes”). However, promiscuity can be favoured 563 

under certain conditions: when there is no variation in fitness, or in 564 

unpredictable environments where selective forces favour different genes in 565 

different generations (Jennions and Petrie, 2000), or when monopolisation 566 

of mates or resources is not feasible. Any of these factors might explain the 567 

degree of promiscuity that we have observed in T. tenuis. A lack of variation 568 

in fitness seems the least likely factor, for a variety of reasons. Firstly, a T. 569 

tenuis population must have the ability to evade the potentially varied 570 
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immune defences of their hosts, and variation in immune evasion by 571 

parasitic nematodes is likely to have a significant genetic component, as 572 

suggested by variation in immunogenicity and other life history traits 573 

between strains (Grant, 1994; Paterson and Barber, 2007). In addition, 574 

variation in fitness is likely to be influenced by non-genetic factors such as 575 

age, which is associated with declining fecundity in female T. tenuis (Shaw 576 

and Moss, 1989). Other explanations are therefore more plausible. T. tenuis, 577 

in common with most parasites of vertebrates, live in an unpredictable 578 

environment in the sense that each new generation is likely to encounter a 579 

new host with a different set of immune defences. Such unpredictability 580 

should also make promiscuous mating a beneficial strategy by maximising 581 

the genetic variation among offspring and improving the chances of creating 582 

optimal genotypes for an unknown future environment. 583 

Absence of mate choice could also result from mechanistic 584 

limitations. It is not known to what extent parasitic nematodes are able to 585 

distinguish between mates, nor if either sex has the ability to control access 586 

to matings. Pheromone-mediated sex attraction of females by males and of 587 

males by females is widespread in animal parasitic nematodes (Bone and 588 

Shorey, 1978), so pheromones provide a potential mechanism through 589 

which mate choice could operate. The existence of sperm storage organs 590 

also provides the opportunity for cryptic post-copulatory mate choice in 591 

females and sperm competition between males. All nematodes have large 592 
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amoeboid sperm that are thought to compete for access to the spermatheca. 593 

Indeed, the evolution of amoeboid sperm in nematodes is thought to have 594 

been driven by sperm competition (LaMunyon and Ward, 1999; Snook, 595 

2005). 596 

In summary, we have used paternity analysis of a T. tenuis 597 

population to reveal a large number of missing males and patterns of mating 598 

consistent with random and promiscuous mating within caeca followed by 599 

post-copulatory variance in male reproductive success. The extent to which 600 

these patterns reflect general processes in parasitic nematodes—and in 601 

particular whether the assumption of random mating is justified—is difficult 602 

to discover by studying populations in wild hosts, but could perhaps more 603 

easily be tackled by genotyping the shed eggs of experimentally infected 604 

captive hosts. 605 

 606 
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Titles and legends to figures 824 

 825 

Figure 1. Posterior probability density of the number of unsampled males. 826 

 827 

Figure 2. The distribution of the maximum posterior probability of paternity 828 

among 150 T. tenuis larvae. 829 

 830 

Figure 3. A pedigree showing the parentage of 71 larvae by 19 females (left) 831 

and 32 sampled males (right). Paternity assignments with a maximum 832 

probability of paternity exceeding 0.64 are shown, resulting in a mean 833 

paternity assignment confidence of 90%. Parentage is indicated by solid 834 

lines linking males and females, with numbers of offspring given above the 835 

lines. 836 

 837 

Figure 4. The observed distribution of reproductive success among sampled 838 

males in the local caecum, and the expected distribution under the null 839 

hypothesis of a random (Poisson) allocation. The mean (± SD) number of 840 

males achieving a given number of units of reproductive success (measured 841 

in paternities, A, and copulations, B) was estimated from 1000 MCMC 842 

samples. I, Is: standardized variance in reproductive success (95% CI) as 843 

defined by Boness et al. (1993) and Wade & Arnold (1980) respectively.  844 

 845 
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Tables 

 
Table 1. Numbers of eggs laid and larvae hatched by 51 female T. tenuis within 2.5 hours of isolation (early) and in the 
subsequent 48 hours (late). 
Laying 

period 

n (%) females 

laying eggs 

n eggs

laid 

n (%) females 

producing larvae

n larvae 

hatched

Mean (SD) 

hatch rate1 

Early 38 (74.5%) 517 22 (43.1%) 122 0.20 (0.24) 

Late 43 (84.3%) 470 12 (23.5%) 32 0.06 (0.13) 

Combined 43 (84.3%) 987 29 (56.9%) 154 0.15 (0.19) 
1Mean (SD) hatch rate was calculated using only females who laid eggs in both laying periods (n = 38), and differed 
significantly between periods (P = 0.001, paired t-test). 
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Table 2. Genetic diversity at the ten microsatellite marker loci assayed: number of individuals typed (n), number of alleles 
observed (Na), expected heterozygosity (He; Nei, 1978), polymorphic information content (PIC; Botstein et al, 1980). 

Locus n Na He PIC 

Tte002 453 14 0.72 0.68 

Tte003 440 21 0.77 0.74 

Tte057 428 18 0.78 0.76 

Tte102 416 9 0.78 0.75 

Tte134 437 15 0.85 0.83 

Tte211 451 12 0.69 0.65 

Tte254 420 19 0.80 0.77 

Tte303 439 11 0.63 0.60 

Tte335 458 9 0.75 0.72 

Tte365 439 10 0.60 0.53 

Mean 438 14 0.74 0.70 

 



 38

Table 3. Quantity and quality of microsatellite genotype data from T. tenuis: number of samples (n), number of genotypes 
attempted, proportion of loci and individuals successfully genotyped and genotyping error rates (with 95% credible intervals). 
Eleven males from the neighbouring caecum and four larvae that failed at all loci have been excluded from the table. 

Generation Caecum n 

n genotypes 
assayed 

(mean n per 
individual) 

Proportion of 
 loci typed, 

n = 469 
individuals 

Proportion of 
loci typed, 

n = 887 
genotypes 

n (%) 
individuals 

typed 
at ≥ 5 loci 

Allelic dropout rate 
per allele 
(95% CI) 

False allele rate 
per allele 
(95% CI) 

Mother Local 251 75 (3.0) 84% 53% 22 (88%) 
0.177 (0.163, 0.191) 0.019 (0.015, 0.023) 

Larval offspring Local 150 450 (3.0) 84% 55% 133 (89%) 

Candidate father Local 122 148 (1.2) 96% 96% 122 (100%) 
0.014 (0.009, 0.020) 0.006 (0.004, 0.010) 

Candidate father Neighbr. 172 214 (1.2) 98% 97% 170 (99%) 

All Both 469 887 (1.9) 92% 72% 449 (96%) 0.082 (0.075, 0.090) 0.013 (0.010, 0.016) 
1An additional four mothers whose offspring yielded no genotype data have been omitted from the table. They were 
nevertheless retained in the analysis because they provided additional information for estimating allele frequencies and error 
rates.  
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